Cold gas spray technology has been used to build up coatings of Fe-base metallic glass onto different metallic substrates. In this work, the effect of the substrate properties on the viscoplastic response of metallic glass particles during their impact has been studied. Thick coatings with high deposition efficiencies have been built-up in conditions of homogeneous flow on substrates such as Mild Steel AISI 1040, Stainless Steel 316L, Inconel 625, Aluminum 7075-T6, and Copper (99.9%). Properties of the substrate have been identified to play an important role in the viscoplastic response of the metallic glass particles at impact. Depending on the process gas conditions, the impact morphologies show not only inhomogeneous deformation but also homogeneous plastic flow despite the high strain rates, 10 8 to 10 9 s
Introduction
Metallic glasses have garnered extensive interest in recent years due to their remarkable mechanical properties, excellent corrosion resistance, magnetic behavior, and unique processing capabilities, attributable to the lack of grain boundaries and crystal defects (Ref [1] [2] [3] . Metallic glasses are used in a variety of applications such as in cell phone cases, golf clubs, watch and ornamental parts, as well as sensors, actuators, electromagnetic casting, and magnetic recording heads. Since the discovery of metallic glasses, different families have been developed based on the combination of more than 30 elements including transition metals, rare earth, and alkali elements . Among the different families of metallic glasses, Fe-base metallic glasses have attracted attention due to their relatively low-cost, good glass forming ability, high corrosion resistance, high compressive strength, excellent soft magnetic properties, and catalytic properties (Ref 2, 8, 9) .
The amorphous structure of metallic glasses provides them high strength, hardness, large elastic strains and enhanced corrosion and magnetic properties. However, the lack of a long-range ordered structure leads to a complex mechanism of plastic deformation including absence of strain hardening. Inhomogeneous deformation, i.e., localized plastic flow, is promoted at high strain rates and low temperatures, while homogeneous flow takes place at low strain rates and high temperatures ( Ref 10) . As a result, metallic glasses present limited plasticity at room temperature restricting their commercial proliferation. Different techniques have been proposed to overcome this drawback like promoting multiple shear band formation or homogeneous flow, and/or hindering shear band propagation. The fundamentals of these techniques consist in controlling sample size, composition of the glass, and the presence of a second crystalline phase (Ref 11) . At small scales, metallic glasses exhibit enhanced plasticity and toughness, and they can be thermoplastically processed like polymer materials. The basis of forming a metallic glass coating from small-scale metallic glass particles is their enhanced processability at temperatures above the glass transition (Ref 10, 12) . This allows to produce larger and complex parts, always keeping the mechanical and functional properties offered by metallic glasses.
Cold gas spray (CGS) coatings are mainly built-up on the basis of kinetic energy. The CGS system consists of a gas stream which is conducted through a converging diverging nozzle (De-Laval type nozzle) (Ref 13, 14) . The gas is used to accelerate and transport particles up to the substrate, developing velocities in the range from 300 to 1200 m/s. The gas (typically N 2 or He) can be preheated and its pressure can be controlled in order to modify particle temperature and velocity at impact. Impact conditions consist in extreme strain rates, 10 8 to 10 9 s À1 and high cooling rates, 10 5 to 10 6 K/s (Ref 15, 17) . The particle temperature usually remains below the melting point of the material; for this reason CGS is known as a solid state process. Therefore, the coating is built-up by the plastic deformation of the impacting particles . For polycrystalline materials, the most important criterion for deposition is the so-called critical velocity (Ref 12, 19) . The critical velocity is a parameter used to control and to predict the optimum deposition conditions of a given material, i.e., the range of proper temperatures and velocities of particles before impact. The deposition efficiency tendency follows a like-sigmoidal shape in function of the impact velocity of the process where high deposition efficiencies are obtained just above the critical velocity. The concept of critical velocity rises from ballistic expression of hydrodynamic penetration of particles at impact, combined with the Johnson-Cook model for softening of crystalline materials, which is often used for modeling and simulation of deforming metals (Ref 12, 19) . In this manner, the conversion of kinetic energy, at conditions predicted by the critical velocity, results into plastic deformation and subsequent heat generation, localized at the impact region, promoting bonding at the interface particle/substrate .
On the other hand, metallic glasses, due to their amorphous nature, do not present strain-hardening and defects such as dislocations involved in the plasticity of crystalline materials (Ref 9, 22) . In this manner, the concept based on the critical velocity results inappropriate since the softening of amorphous metals above the glass transition differs vastly from the Johnson-Cook model (Ref 28) . For this reason, a good understanding of the mechanisms involving deformation in metallic glasses is required to develop any estimation of the optimum conditions for metallic glass deposition in CGS. Plasticity of metallic glasses is based in two different deformation modes: inhomogeneous flow (localized deformation by means of shear band formation) and homogeneous flow (non-localized deformation uniformly distributed). The type of flow is exclusively dependent on temperature and strain rate (Ref 9, 10, 22, 23) . In this sense, previous studies, related with the production of metallic glass coatings by CGS (Ref [24] [25] [26] , have been carried out under the concept of thermal softening between the glass transition temperature (T g ) and the crystallization temperature (T x ). Metallic glasses can deform homogenously between T g and T x and therefore, bonding is achieved more easily. However, preheating particles above T g is not the unique requirement to deposit metallic glasses since their mechanical response is also dependent on the strain rates experienced at impact. At high strain rates and high temperatures, inhomogeneous flow can occur and poor deposition of metallic glass particles obtained ( Ref 9, 22) . In fact, it is well known that shear bands, i.e., inhomogeneous flow, are not only promoted at high strain rates and low temperatures, but they are also formed at temperatures around and above T g if the strain rate is high enough (Ref 27) . Recently, based on the equations governing the dynamics of undercooled liquids, the conditions for building up metallic glass coatings by CGS were redefined in terms of the Reynolds number (Re) of the metallic glass in the supercooled liquid state. The Re relates the inertial forces to the viscous forces acting throughout the metallic glass particle according to the following equation (Ref 28) .
where q, v 0 , d 0 , and l are the liquid density, the impacting particle velocity, the particle diameter, and the liquid viscosity, respectively. When the Re is too small because of the large viscosity of the liquid, large elastic deformations are produced during impact leading either to rebounding or inhomogeneous deformation (shear band formation). This behavior is typically seen in nonNewtonian liquids undergoing yielding (Ref 27) . These are conditions where metallic glass coatings are not able to grow-up. On the other hand, when the Re overtakes a critical value, namely Re crit , shear banding and elastic deformation are avoided, homogenous deformation is promoted, and high deposition efficiencies can be expected. The advantage of including the undercooled liquid properties using the Re of metallic glasses lies in that the analysis can be extrapolated to different metallic glass systems. Interestingly, the formation of metallic glass coatings by CGS can be predicted by means of a window of deposition based on the Re, which is used to determine the ideal temperature and velocity range at which impacting particles are able to flow and building-up a metallic glass coating. The window of deposition of metallic glasses differs from the window of deposition of crystalline metallic coatings due to its amorphous nature itself in which the change of viscosity with temperature is exponential (Ref 28) . In addition to homogeneous deformation, another condition to obtain metallic glass coatings is the suppression of the crystallization phenomena during the spraying process. Crystallization can hinder the deformation of particles at impact since mechanism involving viscous flow begins to be restricted by the atomic planes in the new crystal structure. Consequently, deposition efficiency deteriorates when crystallization occurs in metallic glasses (Ref 28, 29) . In previous studies, the crystallization of the metallic glass particles could be totally avoided due to the high heating rate (around 1 9 10 6 K/s), the high cooling rate (around 1 9 10 5 K/s), and due to the control of the maximum temperature achieved by the particles during the CGS process (Ref 28) . According to the classic theory of nucleation and growth (Ref 30) , the crystallization is determined by the energy barrier for nucleation, the driving force for the liquidcrystal transformation, and the viscosity of the metallic glass. In overall, if the heating and cooling rates are fast enough to avoid the onset of crystallization of the metallic glass, the amorphous phase can be maintained during spraying process and in the final coatings. Therefore, the spraying conditions for deposition of metallic glass particles need a balance between high energetic conditions, in order to induce a Re above Re crit , and the kinetics of crystallization of the metallic glass.
Deposition of metallic glasses should be tackled not only from the above mentioned factors, but it must also be considered the contribution of the substrate material. It is known that impact-induced particle deformation depends on the mechanical properties of the substrate such as its elastic modulus and hardness (Ref 31) . Previous CGS studies using crystalline particles suggest that particles undergo different strain rate conditions depending on the substrate hardness. The impact of a high velocity particle is classified according to the substrate/particle hardness as follows: similar hardness, softer substrate or harder substrate material. For example, a softer substrate leads to very low particle deformation and embedment. By contrast, a harder substrate promotes flattening and microstructural changes such as recrystallization (Ref 21, 32, 33) . In the case of crystalline metals, the characteristics of the substrate deformation affect bonding (Ref 31, (34) (35) (36) (37) . Usually, bonding is promoted by shear instabilities at the particle/substrate interface (localized deformation and heat generation) (Ref 20, 34) . When the deformation of the substrate is low compared to the deformation of the particle, the shear instabilities are not formed at the interacting surfaces. Meanwhile, a larger deformation of the substrate can induce jet-type flow formation at the interacting surfaces (Ref 31, (34) (35) (36) (37) (38) . Due to deformation, the flow of both materials promotes intimate contact which can result in metallurgical bonding (because flow of materials and heating favor atomic diffusion) and/or a good mechanical interlocking (flow favors anchoring) (Ref 31, 39) . Just under conditions promoting shear instabilities, high deposition efficiencies are obtained. Up to date, the influence of the substrate on the deposition of metallic glasses by CGS has been barely tackled. Early studies suggest shear instabilities as the main mechanism acting on bonding and deposition of metallic glasses by CGS (Ref 40, 41) ; however, this argument has been based on models from crystalline metals, which are not relevant for metallic glasses. Regarding this fact, a complete study about bonding mechanisms and about the interaction between the metallic glass particle and the substrate still needs to be explored.
The thermal properties of the substrate material are also considered important for bonding of crystalline particles by CGS. Using numerical simulation, it has been demonstrated that thermal conduction might affect the deformation of both the particle and the substrate to some extent and hence the critical velocity in crystalline metal coatings (Ref 33) . However, there is a sort of consensus suggesting that the heating induced by impacts of sprayed particles does not affect too much the particle deformation behavior and the impact process could be assumed to be adiabatic because the distances involved in the process are too small in comparison with the rate of heat dissipation (Ref 20, 21) . That assumption could be reasonable for solid crystalline metals without induced softening, however for metals with a certain degree of softening and clearly for metallic glasses, the thermal interaction and rate of cooling might represent important changes in the behavior of these materials during deformation. In the particular case of metallic glasses, both mechanical and thermal properties of the substrate material might lead to changes in the Re crit , and therefore the deposition efficiency could vary as substrate properties are changed.
This work explores the substrate influence on the deposition efficiency of Fe-base metallic glass coatings by CGS, and it shows a way to predict the building up conditions of coatings of any metallic glass by CGS regarding the intrinsic mechanical and thermal properties of both substrate and metallic glass particle. The effects of the mechanical properties of the substrate material on the deformation of metallic glass particles at impact have been studied based on ballistic expressions for plastic work, the law of conservation of energy, and considerations for a liquid in the undercooled state. Furthermore, experiments and numerical simulations have been carried out with aims of studying the thermal conduction interaction between particle and substrate at impact.
Experimental Procedure
Commercially available spherical Fe-base metallic glass powder of composition Fe 72,8 Si 11,5 Cr 2,2 B 10,7 C 2,9 at.% (Kuamet 62B, Epson Atmix Corp, Japan) was sieved into a size distribution from 20 to 40 lm. A laser diffraction equipment (LS 13 320 Laser Diffraction, Beckman Coulter, Inc., 250 S. Kraemer Blvd, Brea, CA) was used to verify the particle size distribution after sieving. X-ray diffraction (XRD) with a Cu-Ka radiation was employed to check the amorphous nature of the feedstock powder. Mild Steel AISI 1040, Stainless Steel 316 L, Aluminum-7075-T6, commercially pure Copper (99.9%) and Inconel-625 plates with a flat geometry of 100 9 50 9 5 mm were used as substrate material. Plates were prepared by grinding using 240 grit SiC paper prior to spraying. The detailed process parameters used in this work for obtaining the Fe-base MG coatings are shown in Table 1 . Two commercial CGS Systems: Kinetics Ò 4000/17 kW (Impact Innovations, Ampfing, Germany) with a maximum operating pressure of 40 bar and Impact 5/11 (Impact Innovations, Ampfing, Germany) with a maximum operating pressure of 50 bar were employed to deposit coatings using Nitrogen as carrier gas. A nozzle of type D24 WCCo and a pre-chamber extension of 43 mm were used. The traverse speed of the spraying gun was set as 250 mm/s, while the powder feeding rate was 42 g/min during all experiments. The deposition efficiency was calculated measuring the final coating mass after spraying divided by the total sprayed powder mass onto the sample without overspray.
The T g , T x and the crystallization enthalpy (DH x ) of the initial powder and coatings were determined by differential scanning calorimetry (DSC) at a heating rate of 0.167 K/s in a Mettler Toledo DSC1. Cross sections of the as-sprayed coatings were prepared for a metallographic study according to the ASTM E3-01 standard. Cross section porosity of the MG coatings was measured according to ASTM E2109-01 standard and using the ImageJ software (Ref 42). Microstructure of the as-sprayed coatings and single impacts were studied using scanning electron microscopy (SEM). At least 100 single impacts were studied by sample, and measurements of the mean penetration depth (d exp ) and the mean aspect ratio were performed for each particle/substrate interface. The aspect ratio was calculated as the ratio of the total height of the particle post impact, L y , and the particle width post impact, L x , i.e., Aspect ratio = L y /L x , in this way Aspect ratio = 1 is considered as no deformation.
With the aim of understanding the influence of the substrate material on the deformation and deposition of the metallic glass particles at impact, a one-dimensional and isentropic model for the gas flow was used in order to estimate the particle velocity and temperature just at the moment of impact. The model includes equations expressing the conservation of mass, momentum, and energy. Details of the process used to determine both velocity and temperature of the particle from the initial gas temperature and gas pressure by CGS are reported in detail in previous works (Ref 28, 39, 43) . Particle temperature was employed to estimate the metallic glass viscosity according to the Vogel Fulcher Tamman (VFT) equation. VFT equation is commonly used to describe the equilibrium viscosity of metallic glasses over 15 orders of magnitude, i.e., from the melting point to the glass transition temperature. Details of the viscosity estimation for the present metallic glass composition are explained in (Ref 28). The particle velocity and viscosity were used to calculate the Re of the Fe-base metallic glass particles at impact following Eq 1 for the different spraying conditions studied in this work. Finally, the study about the thermal interaction particle/substrate was carried out by means of the commercial software COMSOL multiphysics 3.5. The particle was supposed to impact in a direction normal to the substrate surface and the meshing was conducted using a 2D lagrange quadratic element. Vickers hardness measurements were performed in a microVickers indenter (Matsuzawa indenter MXT CX-1, Matsuzawa Co., Ltd, Akita-shi, Akita, Japan). At least, 10 indentations were collected on the polished surface of each substrate specimen setting a load of 500 gF and dwell time of 10 s. Nanoindentation technique was employed to evaluate the hardness (H) and Young Modulus (E) for metallic glass particles using a Berkovich indenter at 5 mN load. Table 2 shows the material properties used in the present work (Ref 44).
Results
Figure 1(a) shows the particle morphology of the initial Fe-base metallic glass powder, and Fig. 1 (b) the particle size distribution after sieving. The powder presents a spherical smooth surface typical from gas-atomized powders. The sieved Fe-base metallic glass powder has a micrometric particle size, with a portion of the powder between 25 and 40 lm corresponding to a 72% in volume, according to Fig. 1(b) . A 12% in volume is below 25 lm and a 16% in volume of the powder is above 40 lm. The XRD analysis of the feedstock powder, Fig. 1 (c), shows a broad halo typical in amorphous materials, while DSC measurements in Fig. 1(d) reveal an endothermic heat flux corresponding to the glass transition at 476°C (T g ) and an exothermic peak due to crystallization of the supercooled liquid at 561°C (T x ). DSC analysis, Fig. 2(a) , also reveals that Fe base metallic glass coatings are totally amorphous when gas conditions are set from Re 1 (750°C 40 bar) to Re 6 (800°C 45 bar). However, crystallization takes place when the gas pressure is increased to 50 bar at Re 7 , where the crystallization peak clearly changes. Table 3 shows the Re of the Fe-base metallic glass particle at the moment of impact for the different spraying conditions used in this work. According to the LS measurements, Fig. 1(b) , estimations of Re have been conducted using a mean particle diameter of 30 lm. Note that the Re increases with gas temperature and gas pressure since both temperature and pressure promote variations in particle temperature, i.e., viscosity, and particle velocity. Figure 3 shows the deposition efficiency of the Fe-base metallic glass coatings onto the different substrates versus the Re. In all the cases, the deposition efficiency initially increases with increasing Re; however, three different behaviors are found depending on the substrates used. The first group of materials, the 1040-steel and 316L-steel, displays a sharp rise in deposition efficiency with increasing the Re, followed by a plateau of a maximum achievable deposition efficiency and finally, a decrease in the deposition efficiency when the Re becomes too high. The second group consists of the Aluminum-7075-T6, the behavior is similar to the previous case, but the plateau is not present. Finally, coatings sprayed onto Copper (99. 9%) and Inconel-625 alloys show a monotonical increase in the deposition efficiency until reaching a maximum at the largest Re studied.
Cross section of the sprayed coatings onto 1040-steel for conditions corresponding from Re 1 to Re 7 has been investigated by SEM, Fig. 4 , in order to reveal the differences in particle deformation. When the Re is too low, metallic glass particles deform in homogeneously, as shown in Fig. 4(a) and (b). Metallic glass particles present softening and their flattening becomes more severe as the Re increases, Fig. 4 (c) and (d). Particles present lateral viscous flow in the impact zone promoted by the high strain rates and low viscosity of the metallic glass at impact, see Fig. 4 (e) and (f). When the viscosity reaches very low values, i.e., a large Re, metallic glass particles still deform homogenously; however, the formation of very thin sections by viscous deformation and the rapid cooling lead to their fracture by the new incoming particles, as shown in Fig. 4(g) .
Cross section of the coatings obtained onto the different substrates has been also studied. Since the difference of deposition efficiency is especially notorious at low viscosities, cross section micrograph has been taken for coatings at Re 5 conditions. Figure 5 shows the Fe base metallic glass particles after impacting onto the surface of the different metallic substrates at Re 5 conditions. Particles impacting onto Copper (99.9%) and Aluminum-7075-T6 undergo very low deformation and the penetration depth is in the order of the particle diameter. Particles impacting onto 1040-steel, 316L-steel and Inconel-625 show homogeneous deformation and they present low penetration depth. Figure 6 shows the porosity of the Fe base metallic glass coatings according to the different studied metallic substrates. Porosity of the Fe base metallic glass coatings decreases as the Re increases up to Re 6 for all cases, but it is interesting to note that it is higher in the case of coatings onto Aluminum-7075-T6 and Copper (99.9%). When metallic glass coatings start to grow-up, the particle/particle impact generates a compact structure in those cases where the particle/substrate impact promotes homogenous deformation. This is observed in metallic glass coatings sprayed onto 1040-steel, 316L-steel, and Inconel-625. In the case of the metallic glass coatings obtained onto Copper (99.9%) and Aluminum-7075-T6, where the particle/substrate impact promotes inhomogeneous deformation, a porous structure is produced during the formation of the metallic glass coatings and therefore they have a higher porosity for identical spraying conditions. At Re 7 , the porosity of the metallic glass coatings is the highest independently of the substrate. Interestingly, the increase of porosity after Re 5 matches with the results in Fig. 4(g) . At this condition, small debris appears in the coatings as a consequence of the fracture of the jets formed in the metallic glass particles after impact contributing to the increase of the total porosity.
Discussion

Impact Conditions in Metallic Glasses
As shown in Fig. 3 , small Re leads to low deposition efficiency because inhomogeneous deformation is promoted, see Fig. 4(a) . Under these conditions, the viscosity of the metallic glass particles is high and they are not able to deform plastically during impact. Thus, metallic glass particles either bounce-off or break by means of shear band formation. However, the mechanism of deformation during impact changes at higher Re. As concluded in previous work (Ref 28) , the deposition efficiency is superior to 50% just reached a given Re, namely Re crit . Above this Re crit , the viscosity of the metallic glass is low enough to allow homogeneous deformation, coating growth, and good particle adhesion. The results in Fig. 3, 4 and 6 confirm this behavior. Note that the Re crit is different depending on the substrate material. Figure 3 allows measuring the Re crit for coatings sprayed onto 1040-steel, 316L-steel, Inconel-625, Aluminum 7075-T6, and Copper (99.9%), and the results are 0.005, 0.007, 0.0131, 0.0356, and 0.054, respectively. The variation in the Re crit should be related to the influence of both the mechanical properties and the thermal properties of the substrate material. A hard substrate leads to high strain rates, and thus, it could change the deformation mechanism of the metallic glass particle, while a material with high thermal diffusivity could quickly decrease the particle temperature and thus it could also affect its deformation mode as well.
In the case of Fe-base metallic glass coatings sprayed onto 1040-steel and 316L-steel, see Fig. 3 , the plot deposition efficiency versus Re follows a similar tendency than the plot ratio of bonds versus impact velocity in crystalline metal coatings deposited by CGS. In crystalline metal coatings, the deposition efficiency increases, reaches a maximum, presents a plateau, and finally decreases. Such drop in efficiency of crystalline metals is related to an increase in the rebound energy because of the high impact energy. This leads to the particle eroding the substrate material instead of building-up a coating (Ref 46). A Fig. 2 (a) Crystallization enthalpy of the feedstock powder, and the coatings deposited onto 1040-steel at different Re, i.e., spraying conditions shown in Table 3 . (b) Crystallization enthalpy of the Fe-base metallic glass coatings at Re 6 and at Re 7 deposited onto the different studied substrates similar behavior has been observed for different metallic glass compositions (Fe-base, Ni-base and Cu-base) sprayed by CGS onto steel substrates. High energetic conditions (temperatures above the glass transition) led to improved deposition efficiency, although it was limited by erosion and/or excessive softening (Ref 26, 47, 48) . The Fe base metallic glass composition studied in this work clearly shows a tendency to deform homogeneously when the Re increases, see Fig. 4 , even if the deposition efficiency decreases after a maximum value or increases monotonically as the sprayed coatings onto 1040-steel and 316L-steel or Inconel-625 and Copper (99.9%), respectively. SEM micrographs in Fig. 4 also show particles experiencing fracture after impact at the largest Re, despite of homogenous deformation. The high porosity for deposited coatings at Re 7 condition is related to the breakup of the jets formed in the metallic glass particles after impact or to the excessive spreading of the particle itself due to its low viscosity, see Fig. 6 . It is well known that splashing phenomenon can occur in liquids impacting with large Re. When a liquid drop undergoes splashing, the drop breaks into many droplets since either the shock energy is able to overcome the cohesion energy of the surface or the inertial viscous dissipation is not enough to dissipate the kinetic energy (Ref 49). In fact, previous studies suggest that metallic glass particles can fracture and bounce-off if they soften excessively (Ref 50) . Under that condition, most of the deformation is concentrated in the metallic glass particle side and therefore the influence of the substrate on the coating formation is depleted. In this manner, the deposition efficiency decreases in the best of the cases (1040-steel, 316L-steel, Aluminum-7075-T6), and it increases in the others (Inconel-625, Copper (99.9%)) leading to the same deposition efficiency value independently of the substrate used. For coatings deposited onto Inconel-625 and Copper (99.9%), the special mechanical and thermal properties of these substrate materials can be associated to the different behaviors of the deposition efficiency with respect to the other substrates, as discussed in the following section.
Particles of different sizes reach the surface at different temperatures and velocities; therefore, it is important to consider the Re for different particle sizes. Figure 7 shows the Re in terms of the spraying conditions and the particle size. One can note that the Re increases as gas pressure and gas temperature are increased in all cases. Smaller particles (25 and 30 lm) present smaller Re than the biggest ones in all conditions. As mentioned in the results section, the sprayed Fe-base metallic glass powder consisted of 72% in volume of particles in the range of 25 to 40 lm with a mean particle size of 30 lm. Taking into account this particle size distribution, metallic glass particles below 35 lm impact onto the substrate with a Re smaller than Re crit at 750°C 40 bar, as represented by the dashed line at the bottom of Fig. 7 (deposited onto 1040-steel). Under this condition, most of the metallic glass particles deform inhomogeneously and the contribution to the deposition efficiency is mainly due to the biggest particles (>35 lm). At 800°C and 40 bar, all particles impact at a Re above the Re crit , the smaller metallic glass particles present enough softening and contribute to improve the deposition efficiency as observed in Fig. 3 and 4 . Increasing gas pressure (from 40 bar to 50 bar), the metallic glass particles deform excessively leading to subsequent fracture (Re 7 ), Fig. 4(g) . According to the mentioned above, Re 7 is taken as a reference for excessive softening. Therefore, the deposition efficiency, Fig. 3 , begins to decrease when the majority of particles within the range used overcome Re 7 (at 800°C 45 bar particles >35 lm) because the bigger particles may splash or bounce-off at impact. Nevertheless, generalized splashing and fracture are only shown in the coating when most of the particles impact at a Re above Re 7 . Consequently, the deposition decreases and is independent of the impact surface. On the other hand, Re crit is affected by the interaction particle/substrate because the transition from inhomogeneous flow to homogeneous flow depends on the substrate used, as mentioned above. Therefore, the contribution of different particle sizes to coating build-up also depends on the substrate used. Further details about substrate/particle interaction will be discussed in section 4.2 and 4.3. In any case, the above description shows that the Re of metallic glass particles at impact change similarly in the range of particle used. Therefore, a narrow distribution of particles is preferred to perform a good control of the process based on the Re since this ensures that most of the particles are impacting under similar conditions. Thus, it can be concluded that conditions for obtaining metallic glass coatings are associated to those promoting viscous flow without excessive softening at impact. The Re is useful to control the range of conditions in which metallic glass coatings can be obtained. As in the case of crystalline materials, a narrow particle size distribution ensures that most of the metallic glass particles soften simultaneously. In this way, metallic glass particles over a Re crit can easily flow after impact promoting metallic glass coating formation. The experiments carried out in this work show a Re max~R e 7 that leads to excessive softening. It is worth mentioning that it cannot be taken as a general value since jet formation and splashing are phenomena depending not only in the Re but also on the impact velocity. Finally, it is worth mentioning that Re crit is affected by the properties of the substrate material leading to different deposition efficiencies and different metallic glass coating microstructures.
Particle Viscoplastic Deformation Dependence on the Mechanical Properties of the Substrate Material
The Re corresponding to the different impact conditions expresses the state of the particle prior to impact, but as seen in the results section, the final deformation state also depends on the substrate material. Figure 8(a) shows the aspect ratio of the particles, in contact to the substrate, in function of the Re. In all cases, the deformation improves increasing Re, which is represented by the decrease of aspect ratio. The increment of Re is associated to the softening of the particles at impact, and therefore they can flow easily at impact, and achieve higher degree of deformation. This result has also been observed in previous studies (Ref 26, 28, 29, 47, 48, 50) spraying metallic glass particles onto steel substrate, the improved deformation led to better deposition efficiency. In addition to the above discussed, the present result also shows that the harder the substrate material, for instance Inconel 625 (open squares in Fig. 8a) , the smaller the aspect ratio at the same Re, i.e., different degrees of particle deformation at the same initial impact conditions. However, if one compares 1040-steel and Aluminum-7075-T6 alloys, which Fig. 4 Cross section of the Fe-base metallic glass coatings deposited onto 1040-steel using the spraying conditions of Table 3 are materials with a similar hardness, 178 and 155 Hv, respectively, it would be expected a very similar aspect ratio distribution. However, according to Fig. 5 , Aluminum-7075-T6 alloy presents very low resistance to penetration compared to 1040-steel, i.e., metallic glass particles are embedded into the Aluminum-7075-T6 substrate, while particles deform more and penetrate less in the 1040-steel. This difference rises from the strain hardening and strength coefficient of Aluminum-7075-T6 with respect to the 1040-steel substrate under compression, since both parameters determine the flow stress behavior of metals. Under compression, Aluminum-7075 presents a lower strain hardening and strength coefficient (i.e., easier dislocation cross slip) and the substrate flows easily under the application of similar stresses in comparison to the steel substrate (Ref 51, 52 ). Moreover, SEM images, Fig. 5 , show very different characteristics of particle deformation upon impact, which also suggests a very important effect of the particle/substrate thermal interaction, as discussed in section 4.3.
With the aim of studying in more detail the particle/substrate mechanical interaction at impact, a simple model based on the experimental penetration depth (d exp ) and the aspect ratio of the metallic glass particles has been developed to estimate the viscous work spent during impact to deform the metallic glass particles. According to the law of conservation of energy, an energy balance between the kinetic, the viscous dissipation and the surface energy has been conducted (Ref 21, 53):
where E Ko represents the kinetic energy calculated from the impact velocity and the mean particle size of the metallic glass particles at the different conditions in this work [E Ko = ½ m v o 2 ) see impact velocity in Table 3 . E so is defined as the surface energy of the particle before impact (E so = pD 2 r; where r is the surface tension for the Febase metallic glass (Ref 54) ). E sf corresponds to the surface energy after impact at its maximum splat diameter
W substrate is defined as the energy dissipated by the frictional and the plastic work during the substrate deforma- tion and E R is the recoverable strain energy by both the substrate and the particle. W viscous represents the energy available to deform the metallic glass particle in the supercooled liquid state upon impact. For simplicity, the term E eff , namely effective kinetic energy, was introduced in Eq 3. E eff is defined as the difference between E Ko and W substrate .
In order to evaluate the plastic work carried out on a substrate by a hard particle impacting its surface, W substrate , a model developed by Chen and Hutchinson (Ref 55) has been used. Their work was based on metallic particles impacting metallic substrates at high velocity (300-400 m/s) and high strain rates (10 4 s À1 ). These are very similar conditions compared to the CGS process. They used finite element analysis to determine the residual stresses and geometric stress concentration on the substrate material. The most important non-dimensional parameters governing impact indents were identified, significantly reducing the set of material independent parameters. In (Ref 55) , the parameter X is defined as the kinetic energy of the impacting particle (E K ) normalized by the yield stress of the substrate material (r y ) given in Table 2 .
Interestingly, Chen and Hutchinson found that the penetration depth of a particle into a substrate (d) normalized by its initial diameter (D) can be expressed in terms of X as long as the combination of deformation and density ratio between particle and substrate material are high enough ( Ref 55): Fig. 8(b) . Most of the conditions studied in this work fulfill the condition d exp £ d theo, i.e., points to the left of the vertical dashed line in Fig. 8(b) . Two conditions corresponding to Re 5 in metallic glass coatings deposited onto Aluminum-7075-T6 and Copper (99.9%) present a d exp > d theo due to a larger experimental impact depth, i.e., points to the right of the vertical dashed line in Fig. 8(b) . Interestingly, X exp / X theo < 1 suggests that part of the initial kinetic energy has been spent in viscoplastic deformation of the metallic glass particle. In order to solve Eq 2, X exp values have been introduced in Eq 3 and E eff calculated using E k = E eff . For the two experiments with d exp > d theo , E eff has been calculated assuming that a 95% of the initial kinetic energy was spent as plastic work. This assumption has been taken considering the almost unaffected particle spherical shape upon impact. À6 J, while W viscous is close to 0 for metallic glass particles impacting onto Copper (99.9%). Interestingly, in Fig. 8(c) , the aspect ratio is smaller as the W viscous takes larger values describing a linear behavior in each Previous studies using crystalline metals deposited by CGS suggest that the energy dissipated in plastic deformation is mostly spent in the softer part of impact (Ref 21, 31, 36) , just as happened in this work using a metallic glass. Therefore, Fig. 8(c) reveals quite different viscous dissipation energies, and different deformation behaviors in the case of metallic glass particles depending on the mechanical properties of the substrate, which is in agreement with the dissimilar aspect ratio observed in Fig. 8(a) . This suggests that a substrate with a large hardness promotes extremely high strain rates, similar to crystalline materials (Ref 21, 31) , and therefore the energy spent in viscous dissipation is larger than in softer substrates.
According to the definition of viscous work (Ref 56) , the viscous work is expressed in terms of the metallic glass viscosity (g), the shear strain rate (_ cÞ and the finite strain (e), see Eq 5. In 2-dimensions, the e can be expressed in terms of the aspect ratio (AR) giving a measure of the overall intensity of distortion of a circle of area (A), which represents the metallic glass particle of mass (m) and density (q), becoming an ellipse upon impact (Ref 57) .
Equation 5 describes qualitatively the experimental behavior of the metallic glass particles shown in Fig. 8(c) .
The variation of the slope for the same Re and different substrates in Fig. 8(c) is related to the viscosity and the shear strain rate undergone by the metallic glass particles. For the same initial Re, i.e., same viscosity and velocity, a larger shear strain rate is achieved with increasing substrate hardness leading to higher W viscous and lower aspect ratio. When Re is small, for instance Re 1 , the viscosity becomes too large and strain rates extreme. Under this condition, the slope increases and the energy spent to reach certain degree of distortion becomes large. At larger Re, i.e., Re 5 , the viscosity decreases various orders of magnitude, and therefore the viscous energy necessary to deform the MG particle for a given aspect ratio is smaller. In overall, the results of this section show that metallic glass particles impacting at any Re onto soft metallic substrates present almost no deformation after impact. This behavior is very similar in crystalline particles impacting onto softer substrates (Ref 21, 25, 31, 36) . In both cases, the plastic deformation is concentrated in the soft substrate leading to excessive plastic flow of the substrate and embedment of the particle. Increased substrate hardness allows the activation of viscous flow in the metallic glass particles and plastic deformation is possible at the different studied Re, Fig. 3 and 8 . A similar result is reported for crystalline materials, where particles impacting onto hard substrates show higher deformation (Ref 21, 25, 35) . However, the deformation mechanisms leading to this result are completely different depending on the nature of the sprayed particles. Particles of crystalline materials impacting hard substrates experience softening due to the higher induced shear strain rates and temperatures that allow easier dislocation movement, i.e., easier plastic deformation. According to Fig. 8 and Eq 5, metallic glass particles impacting onto hard substrates also deform more extensively due to the induced higher shear strain rates and temperature at the particles but in this case, the higher softening is due to the shear-thinning experienced by the undercooled liquid. On the other hand, if the substrate is sufficiently hard, the rebound energy developed by the metallic glass particle is sufficiently high to bounce back at impact, especially in the case of stiffer materials. The energy of the process associated to the particle rebounding, namely the rebound energy (E R ), is defined in function of the elastic properties of the substrate material and the velocity of the particle at impact (Ref 46) . For example, in this work, the impact velocity and temperature of the particle have been exactly the same independently on the substrate used, Table 3 ; therefore the difference of behavior exclusively comes from the substrates properties. Interestingly, the deposition efficiency onto the hardest substrate, Inconel-625, is rather low despite the large particle deformation, large W viscous and large E eff , in contradiction to the high deposition efficiency obtained onto 1040-steel and 316L-steel with lower W viscous . The high elastic limit, i.e., high hardness, and high elastic modulus of Inconel-625, see Table 2 , makes E R large in this case, leading to a higher probability of particle rebounding onto this substrate and therefore a lower deposition efficiency, as observed in the present work.
Effect of the Thermal Properties of the Substrate
Typically, bonding in CGS metallic coatings is studied under the assumption of an adiabatic process (Ref 12, 20) . This assumption is in many cases true due to the fact that the rate of heat dissipation in the distances associated to the process does not affect the conditions of the plastic deformation. However, it has been demonstrated that under some particular situations, such as particle thermal activation, the thermal interaction substrate/particle becomes crucial changing the distribution of temperature in the contact area and all over the particle (Ref 21, 33 ). This type of differences between the adiabatic and thermal analysis becomes really important when the materials involved are very sensitive to temperature, where any variation in temperature might represent the change of deformation behavior and/or phase transformations. At least for metallic glasses, an adiabatic study cannot support and explain all the results related to the process and it becomes crucial considering the heat transfer due to the viscous nature and its exponential dependence on temperature. Upon this point, calculations have been carried out taking into account the metallic glass particle/substrate thermal conduction in the early stages of impact.
In CGS, when particles are propelled and impact onto the surface of a substrate, there is a time in the range of 1 9 10 À8 to 5 9 10 À8 s in which particle deformation does not take place (Ref 20) . During this time of impact, an elastic collision takes place, and it is followed by an elastic unloading whereas the shape of the particle is partially recovered. In this range of time, a temporal change in temperature in the particle/substrate contact area is given, and it could be different depending on the thermal properties of the substrate material. The temperature change might go on as soon as the particle deformation occurs and the contact surface becomes larger. Although the heat transfer in the case of a metallic glass particle impacting on a substrate is a dynamic process, the temporal change in temperature in the early stages could be considered as the precursor of very different subsequent metallic glass deformation modes and substrate plastic deformation. It is worth mentioning that the Fe-base metallic glass used in this investigation is characterized to be a fragile liquid (Ref 28) . This means that the viscosity of the metallic glass particle could change from the order of 10 2 to 10 12 Pa s with just a change in temperature of 50°C. A rapid heat extraction from the particle due to a high thermal diffusion coefficient of the substrate material could lead to a completely different deformation behavior, i.e., as a brittle solid instead of a liquid. Calculations were carried out for single impact of a metallic glass particle for times in the order of 10 À8 s and for the different metallic substrates studied in this work. It was assumed, based on previous investigations (Ref 31, 33) , particle/substrate perfect contact. This assumption is supported by the fact that CGS particles impact occurs at very high velocity developing very high contact pressures. Figure 9 (a) shows the viscosity change due to temperature evolution in function of the radius of a metallic glass particle after 10 À8 s of the impact onto the different substrates studied in this work for Re 5 conditions. The viscosity from the surface until 250 nm inside the metallic glass particle increases from the initial viscosity of 10 2 up to 10 12 Pa s when the impact takes place onto Copper and Aluminum-7075-T6. Furthermore, the viscosity is still as high as 10 5 -10 6 Pa AEs at 350 nm in these two substrates. This big increase in viscosity means that the impact surface changes from a supercooled liquid to a brittle and extremely hard solid, i.e., a metallic glass. Further particle deformation is hindered due to this hard surface layer in the case of high heat conductivity substrates. On the other hand, substrate materials with much lower heat conductivity present a much more moderate increase of viscosity at 250 nm from the particle surface and at 350 nm the viscosity is lower than 10 4 Pa s for the 1040-steel, 316L-steel and Inconel-625 allowing the deformation of the particle.
According to the present calculations, in agreement with the experimental results, it is clear that differences in particle deformation and penetration rise not only from the mechanical properties of the substrate, but also from its thermal properties. The largest heat transfer rate at the substrate impact surface of Copper and Al alloys has been already proved in previous works using crystalline particles (Ref 32) . In the present case, when a metallic glass particle is sprayed onto materials with high thermal conductivity such as Copper (99.9%) and Aluminum-7075-T6, the metallic glass particle itself has almost no deformation due to the high heat flux from the particle to the material which leads to a high increase of viscosity at the metallic glass particle surface. This hard surface allows the particle to penetrate much more into the substrate. Thus, compared to 1040-steel, 316L-steel and Inconel-625 substrates, the metallic glass particle penetrates more deeply and it presents almost no deformation on Copper (99.9%) and Aluminum-7075-T6. Of course, at the beginning of the plastic deformation factors as frictional heating and the strain rate effect on the viscosity could deplete the increase of the viscosity. However, the strain rate and heating are often localized and the fact of increasing the particle/substrate contact area could result in a monotonical increase in viscosity (when the substrate possesses a high thermal diffusivity) even after the initial impact stage. Previous works using crystalline materials sprayed by cold gas showed similarly improved deposition when substrate presents low heat extraction (Ref 32, 38, 58) . Nevertheless, unlike crystalline materials, metallic glass particles are more sensitive to thermal properties of the substrate because viscosity depends exponentially on temperature.
The influence of the thermal properties of the substrate materials on the particles deposition has also been taken into account. The formation of the metallic glass coatings consists in simultaneous and successive impacts onto a substrate. Once a first set of particles impact the substrate, another set of particles are deposited onto the first ones and the thermal field can be rapidly perturbed in the impact location. Figure 9 (b) shows the experimental deposition efficiency versus the thermal diffusivity of the substrate materials after one and three passes of the spraying gun. Interestingly, the deposition efficiency in the high thermal diffusive materials decreases between the first and the third pass. This suggests that the substrate/coating temperature during the first pass of the spraying gun and during the second pass and third pass can be really different depending on the thermal properties of the substrate. In this case, if the first layer is cooled by a particular substrate material faster than another, the characteristics of particle deformation in the subsequent layers will definitely be affected. The substrates with higher thermal diffusivity, i.e., Copper (99.9%) and Aluminum-7075-T6, cool the first metallic glass layer more quickly than the rest of the substrates. Therefore, the metallic glass particles forming the second and third layer impact onto a cooler and very hard metallic glass surface promoting high strain rates, high rebounding energies and higher surface viscosity. In these conditions, a decrease in deposition efficiency should be expected in agreement to the results displayed in Fig. 9(b) .
Mechanisms of Metallic Glass Particle Deposition
The deposition of metallic glass particles onto very different substrates has revealed the mechanisms of metallic glass particle deformation and the necessary conditions for metallic glass coating build-up. In this section, the similarities and differences between the mechanisms of particle deposition of a crystalline material and a metallic glass are discussed and clearly illustrated.
A metallic glass particle deformed in the homogeneous flow regime onto 1040-steel is observed in Fig. 10(a) for the experimental conditions of Re 3 in this work. Note that intimate contact is promoted upon impact of the metallic glass particle. A clear limit between the substrate and the metallic glass particle is difficult to observe. The substrate is severely deformed due to the high stress level experienced at impact and as consequence a jet is formed. In Fig. 10(b) , a higher magnification view of the metallic glass particle in homogeneous regime after etching for 5 min with Nital is presented. Note the area limited by the dashed lines, where the metallic glass seems to have experienced extreme viscous flow and a structure like a liquid. As mentioned previously, non-Newtonian regime is promoted in metallic glasses deforming in homogenous flow, depending on the combination of strain rate and temperature. Considering the high strain rates concentrated in the impact zone, Fig. 10(b) suggests that metallic glass particles impacting under this condition show nonNewtonian behavior around the surface of impact. This is typically seen in viscous liquids with shear thinning phenomena, and it has been already reported in metallic glasses in the supercooled liquid state (Ref 59) . Under such conditions, the metallic glass viscosity drops exponentially and the liquid can flow easily. In the case of a metallic glass particle in the CGS process deforming in Fig. 10(b) , the shear thinning phenomena are given due to the stress localization at the surface of impact, promoting an increase in the viscoplastic deformation, an intimate particle/substrate contact, and high deposition efficiency as mentioned previously. If this condition is not fulfilled, it could give rise to two possible situations: one case associated to very small Re, and another associated to very large Re. Figure 10 (c) shows a metallic glass particle sprayed at conditions of Re 1 (a small Re number in this work) . Under this condition, metallic glass particle deforms inhomogenously promoting shear bands and cracks. Since the deformation is localized through the shear bands, then the impact surface is not able to flow, and therefore bonding is not achieved. Figure 10 (d) shows a particle sprayed at conditions of a large Re (Re 7 ). Under this condition, the metallic glass particle deforms in the homogenous flow regime and presents excessive shear thinning, i.e., low viscosities, leading to the formation of jets at the edge of the particle. This type of deformation is also suitable for a good bonding because a large substrate/particle contact area is promoted. However, as mentioned previously, the particle/particle impact under conditions of a very large Re leads to fracture of the metallic glass particles. Thus, coating growth is affected and highly porous coatings obtained, as shown in Fig. 6 .
In this manner, according to Fig. 10 and following the discussed above, good particle bonding and high deposition efficiency are promoted under homogeneous deformation around the surface of impact for metallic glasses impacting in the supercooled liquid state. When these conditions are not satisfied, either by a poor or excessive softening of the metallic glass particle, the characteristics of the impact and coating formation are changed, leading to poor deposition efficiency and a porous microstructure as a result of particle rebounding or particle fracture.
A description of the deposition mechanisms of metallic glasses by CGS is presented in Fig. 11 as a flow chart concerning both a crystalline metal and a metallic glass. Although the conditions promoting metallic glass deposition have shown similarities with the conditions needed to obtain bonding of crystalline metals, the mechanisms involved in the deformation process and deposition for metallic glasses have a different physical explanation once compared with those already known for crystalline metals. In a crystalline metal, the bonding is given when the particle, overcoming a critical velocity, impacts onto the substrate and it experiences highly localized plastic deformation. In crystalline metals, plasticity is mainly governed by the movement of dislocations. For example, the breeding and interaction of dislocations is responsible for the work hardening. During the particle impact and due to the high strain rates experienced by the particles, the stress flow varies monotonically with the plastic strain while subsequent dislocation movements are occurring. The plastic strain energy is dissipated as heat and it promotes softening of the material. The thermal softening can lead to processes of dynamic recovery, . The type of process following the thermal softening is exclusively a function of the properties of the particle material and its interaction with the substrate. Typically, shear bands can appear in the impact surface of the crystalline metallic particle in materials with a low thermal conductivity. In any case, the plastic flow becomes localized at the particle/substrate impact surface as a consequence of the thermal softening and stress concentration. This means that the thermal softening dominates over the work hardening upon impact. The shear localization causes the flow of interfacial region consisting in a highly deformed material; it promotes intimate contact particle/substrate and therefore particle bonding (Ref 20, 21, 39) .
On the other hand, a metallic glass presents two deformation modes: homogenous deformation and inhomogeneous deformation according to the deformation maps given by Spaepen (Ref 61) . The present and our previous studies (Ref 28, 29) demonstrate that deformation in conditions of homogenous flow is essential because it promotes viscous dissipation at the interfacial particle/substrate area and a high particle/substrate contact area. This means that the total energy involved in the CGS process must be high enough in order to activate viscous flow in the metallic glass particles at impact and subsequent shear-thinning. This condition can be easily achieved by controlling the Re of the metallic glass particle. However, the thermo-mechanical properties of the substrate play an important role to activate viscous flow in the impacting particles. A hard substrate favors particle deformation and shear thinning because of the high strain rates experienced by the particles. At the same time, a very hard substrate also promotes large E R and the number of rebounding particles becomes more important leading to a deposition efficiency decrease. In addition, a requirement for a good bonding is the substrate deformation. A very hard substrate will need higher impact energies in order to reach a good mechanical anchoring, as shown in Fig. 3 for Inconel-625. In this type of substrate, when viscous flow is thermally activated in the metallic glass particle (sufficiently large Re), deposition efficiency is still low compared to the coatings sprayed onto 1040-steel or 316L-steel substrates since the E R is still high enough, producing either a poor mechanical anchoring or a subsequent particle erosion in the particle/particle impact, or directly particle rebounding. On the other hand, substrates with high thermal diffusivity require metallic glass particles in conditions of a large Re in order to keep the viscous flow activated during enough time to produce particle deformation, as suggested by Fig. 9 . This is clearly shown in Fig. 3 for metallic glass coatings onto Copper (99.9%) and Aluminum-7075-T6, which have a larger Re crit compared to the other substrates.
Conclusions
The effect of the substrate properties on the characteristics and deposition efficiency of the Fe-base metallic glass coatings produced by CGS were studied at different processing conditions. The experimental data were combined with different physical concepts related to the impact dynamic and the mechanics of deformation of metallic glasses in the supercooled liquid state. The comparison between calculations and experimental data have shown that mechanical and thermal properties of the substrate material have an important effect in the characteristics of the metallic glass particle deformation, in the bonding and in the microstructure of the metallic glass coatings by CGS. A summary of conclusions in this study is as follows:
1. The mechanical properties of the metallic substrate influence the strain rate conditions and the rebounding energy of the process. A hard substrate promotes high deformation rates and larger deformation of the particles, while soft substrates absorb most of the kinetic energy during impact leading to poor particle deformation. Therefore, hard substrates promote higher densification of metallic glass coatings. It is also worth mentioning that if the substrate is very hard and presents a large elastic limit, the rebound energy of the deformed particles can be sufficiently high to bounce back after impact, and the efficiency of the process could be deteriorated. 2. Thermal properties of the metallic substrate influence the rate of heat dissipation out of the metallic glass particle during impact, and thus it affects the deformation of the metallic glass. A high thermal diffusivity leads to a rapid surface cooling, and therefore metallic glass particles get temperatures below its glass transition point promoting inhomogeneous deformation. This finding proves that adiabatic analysis commonly used for crystalline metallic coatings should be avoided for metallic glasses. 3. It is confirmed that the deposition efficiency of metallic glass coatings build-up by CGS scales with the Reynolds number of the impacting particles. Interestingly, the analysis carried out gives further ele- Fig. 11 Flow chart of the deposition mechanisms for a crystalline metal and a metallic glass ments with respect to the limits of the Re for maximum deposition efficiency. Maximum deposition efficiency of metallic glass particles is expected just above Re crit . In the present work, the Re crit was estimated for Fe-base metallic glass coatings sprayed onto 1040-steel, 316L-steel, Inconel-625, Aluminum 7075-T6, and Copper (99.9%), as 0.005, 0.007, 0.0131, 0.0356, and 0.054, respectively. Spraying conditions leading to much larger Re than Re crit can promote excessive metallic glass softening and a decrease in the deposition efficiency. On the other hand, low Re produces low deposition efficiency because deformation is localized into thin shear bands, generally leading to particle fracture and/or particle rebounding. Moreover, this study shows that a narrow range of particle sizes is needed to better control the impact conditions since Re depends on particle size. In overall, the Re remains a good criterion for describing the state of the metallic glass particles at impact and for predicting particle adhesion because it takes into account both the inertial and viscous forces acting on the particle. 4. This investigation demonstrates that the mechanisms involved in the metallic glass deposition are different to the mechanisms usually accepted for crystalline metals. Homogeneous flow and shear thinning are the main mechanisms of deformation involved in the deposition of metallic glass coatings. These mechanisms reflect the amorphous nature of metallic glasses and require thermal activation which is controlled by the Re. Interestingly, shear thinning is an essential step to achieve coating formation with high deposition efficiency.
